To prevent the adhesion of particles at surfaces by transporting them along the surface, a new type of pneumatically actuated particle transporter is introduced. The biomimetic approach is based on the transportation principle of particles by cilia arrays due to the generation of metachronal waves. Rows of flaps, which mimic the cilia, are asymmetrically positioned on flexible membranes. The membranes are individually deflected by applying a welldefined pressure profile to achieve a metachronal wave.
INTRODUCTION
In microfluidic devices, a couple of methods to transport and separate particles in closed channels exist, like electrophoresis [1] , electromagnetism [2] , or peristalsis [3] . In some cases, however, particle transport in open channels is required (absence of a second wall). Here the traditional transport mechanisms are not applicable due to the absence of a second border.
The transportation of the fluid along the surface can be achieved by using cilia like structures to push the fluid along the surface by generation of metachronal waves. In nature many ciliated surfaces are known, such as the respiratory tract [4] or the fallopian tube [5] . In addition, the use of cilia as propelling mechanism for bacteria [6] or Ctenophore are known and well-studied in numerical analysis [7, 8] .
First studies to mimic cilia-type actuation using magnetic actuation principle were published in [9, 10] , whereas an oscillating force principle at the free end of the artificial cilia was investigated in [11] .
The objective is the development of particle transportation near a surface by a biomimetic adaptation of the cilia movement principle. Here, the actuation of the artificial cilia array is carried out by using a micro pneumatic-based excitation.
DESIGN CONCEPT
The basic concept of the particle transporter chip is shown in Figure 1 . Rows of cilia-like flaps are positioned asymmetrically on bendable membranes. Each flap row can be deflected separately by an induced pneumatic force which bends the supporting membrane. The membrane movement converts to large deflections of the flaps in xdirection (lateral) and in smaller movements in z-direction (vertical). Due to the high aspect ratio of the flaps the angle rotation results in a fluid movement parallel to the surface which prevents the particle deposition. Membrane bending is achieved by changing the pressure in the underlying channel from a negative differential pressure to a positive one. The bending cycle must be exactly coordinated to ensure a metachronal wave for an accurate particle transport. The phase difference of pressure in adjacent channels is one of the most important parameters for the transport mechanism.
SIMULATIONS
Simulations were carried out using ANSYS 12 Structural program in two-way coupling with CFX program. Both models were connected to ANSYS internal FluidSolid-Interaction (FSI) module. The simulations were based on a 2D model with great deformation. The material data for water was taken from the ANSYS Material Database. PDMS (PolyDiMethylSiloxane, here Sylgard 184), which serves as suitable material for the membrane and flaps, was defined as an isotropic material model. The material parameters were generated by tensile testing [12] . Optimum membrane bending conditions, shown in Figure 2 , were extracted for a 600 µm wide and 100 µm thick PDMS membrane. The supporting structure between two membranes was optimized to 400 µm. The optimum flap position on the membrane was determined between 75 µm and 100 µm adjacent from the supporting structure.
978-1-4799-3509-3/14/$31.00 ©2014 IEEE The van Mises stress distribution of the PDMS membrane is shown in Figure 3 , when the membrane is deflected under a negative pressure of 30 kPa. With respect to the soft membrane material, the bending deforms the membrane shape and increases the membrane area. These deformations appear in both bending directions of the membrane and are responsible for a shift of the tip deflection. To enhance the pumping effect, the upward bending pressure must have a higher pressure difference from ambient than the downward bending pressure. This leads to a faster flap movement during the upward bending of the membranes.
The asymmetric flap position on the membrane results in an asymmetrical movement of the flap. Figure 5 shows the simulated movement of the flap by setting a minimum and maximum pressure difference of 40 kPa and -30 kPa compared to ambient pressure. The flap moves 480 µm in xdirection and 75 µm in z-direction. This behavior generates a lateral movement in the fluid. A similar characteristic movement was published by Khaderi et al. [13] . transported by a net flow. 1000 µm above the membrane surface the flow stops almost completely. For larger distances to the surface no particle transport occurs. Depending on the dynamic streamline characteristics of the fluid particles follow a net movement, which is shown in Figure 7 where two particle positions are compared. The left green particle corresponds to the start position and the right red particle to the position of the same particle after two membrane bending cycles, corresponding to a net movement of the particle of 40 µm. This value is about 6% of the amplitude of the tip movement of the flaps. Based on these promising results FEM simulations were carried out to generate a metachronal wave by combination of the dynamic bending behavior of 8 membranes. The membranes are individually deflected by applying a well-defined pressure profile (from -30 kPa in 50 ms to a pressure of +40 kPa for duration of 50 ms, then again down to -30 kPa in 100 ms) in combination with a defined phase-shift 50 ms between adjacent channels to achieve a metachronal wave, which is necessary for a controlled particle transport [9] . One characteristic simulation result of membrane bending and flap deflection is shown in Figure 8 . The stream lines are omitted, because of clarity. 
FABRICATION
The biomimetic particle transporter chips were fabricated in PDMS (Sylgard 184, Dow Corning) using standard UV lithography and soft-lithography techniques in combination with SU-8 micro molds. A detail of the realized flap array is shown in Figure 10 . Looking at the top of the chip, two membranes arranged vertically is shown. Rows of flaps are arranged asymmetrically on the membrane. 
RESULTS
The particle transporter chip was connected to the custom-made pneumatic triggering module and integrated into a microfluidic chamber. A glycol-water mixture of 3:10 was used as fluid to ensure levitating particles. Fluorescence-marked 60 µm polystyrene particles were used for experiments. Figure 10 shows a snap-shot of the proofof-concept (stroboscopic picture for not-deflected flap). Several particles are shown in the flap array. The different diameters correspond to the different vertical positions the particles have, with respect to the focus depth of the objective lens (focus is on top of the flap). The trajectories of some particles are shown in green. The particle transportation direction for the given pressure profile to realize a metachronal wave was from the left to the right and the net transport velocity was determined to 30 µm/s depending on relative position between particle and flap.
CONCLUSIONS
A new concept for active particle transport in single interface fluids is introduced. The active movement of cilialike flaps induce a fluid flow. The flaps are actuated by an interface membrane, bent through pneumatic pressure from the backside. Simulations are carried out to determine an optimized design: Best membrane bending conditions are found for a PDMS membrane with width of 600 µm and a wall width of 400 µm by setting the membrane thickness to 100 µm. An optimum flap position on the membrane is determined between 75 µm and 100 µm from the attachment. The asymmetric position of the flaps on the membrane results in an asymmetric movement of the flaps. The whole horizontal distance of the flap movement is about 480 µm and the vertical movement about 75 µm, using 500 µm high and 50 µm wide flaps, respectively. The simulations show that dispersed particles in the fluid will be transported by the flow. They will move almost circular, but the net particle transport will be unidirectional.
